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ABSTRACT 

l b  33'7 
Meteorites contain extraterrestrial carbonaceous materials. The 

Alais, Orgueil, Tonk, and Ivuna meteorites resemble in their carbon, free 

sulfur, and non-metamorphosed mineral contents, densities, and general 

appearances certain organic-rich terrestrial sediments. Structural and 

isotopic determinations of carbon compounds in the Orgueil chondrite in- 

dicate that these compounds are primarily indigenous. 

chemically the benzene extractable carbonaceous materials from the Orgueil 

and certain near-surface terrestrial sediments are similar. 

trometric type analyses of the alkanes from an Orgueil fragment, ter- 

restrial sediments and organisms are statistically indistinguishable at 

the 95 per cent confidence level. 

mental data are presented, and these permit an assessment of the potential 

and reliability of hydrocarbons as biological indicators. 

Physically and 

Mass spec- 

Theoretical considerations and experi- 

Based on the 

production and preservation of organic substances in terrestrial environ- 

ments, alkanes in the AlaiS, Orgueil, Tonk, and Ivuna (Type I) carbonaceous 

chondrites could retain the best evidence of organisms that may have lived 

on a parent body of meteorites. 



I 

1. INTRODUCTION 

The first analyses of carbon compounds from meteorites were 

reported by Berzelius (1834). He was less convinced than was his 

former student, Wohler (1858, 1859ab, 1860), that meteorites con- 

tained biologically derived materials. Wohler felt that the 

"ozocerite- like" substance in the Kaba chondrite was "undoubtedly of 

organic origin". But Wohler's feelings were not shared by most 

nineteenth century researchers. A detailed review of the work and 

opinions of these investigators has been written by Cohen (1894). 

Between 1894 and 1950, interest in the carbon compounds in 

meteorites was negligible (Mason, 1963a). The inability of classical 

analytical methods to provide definitive data on the compositions of 

complex mixtures of carbon compounds, and the prevalent belief that 

the carbonaceous substances in meteorites were of abiotic origin 

probably contributed to this disinterest. In the 1 9 5 0 ' ~ ~  only three 

articles reporting analyses of carbon compounds from meteorites were 

published. 

Mueller (1953) determined the elemental analyses of extracts 

from the Cold Bokkeveld chondrite. After he had picked out the free 

sulfur by hand, he found the composition of the extract to be: 

C - 19.84%, H - 6.64"/,, S - 7.18%, C1 - 4.8%, ash - 18.33%, and undeter- 

mined (0 etc.) - 40.02%. Benzene solution of  the extract did not show 

detectable optical activity. 
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Boato (1954) determined the  abundances of s t a b l e  carbon, as, 

&13, and of s t a b l e  hydrogen, as 6 H 2 ,  i so topes  i n  14  me teo r i t e s .  

observed , 

He 

"It i s  i n t e r e s t i n g  t o  no te  t h a t  Craig (1953) found a 

15% dep le t ion  i n  C I 3  t o  r e s u l t  from the  process  by 

which organic materials of marine p l a n t s  and animals 

i s  concentrated t o  form petroleum and the  carbonaceous 

m a t e r i a l s  i n  black sha le s .  The carbonaceous m a t e r i a l s  

i n  t h e  me teo r i t e s  a r e , o f  course,  no t  der ived from l i v -  

i n g  sources ,  but  i t  i s  noteworthy t h a t  t he  range of 

v a r i a t i o n  i n  C 1 3  i n  me teo r i t e s  i s  of t he  order  of  t h e  

dep le t ion  observed i n  a t e r res t r ia l  process  involving 

l o s s  of  v o l a t i l e  carbon compounds." 

Boato found t h a t  b H 2  values  of  t h e  bound waters i n  me teo r i t e s  were 

s e v e r a l  t i m e s  g r e a t e r  than any 6 H  2 found f o r  t e r r e s t r i a l  waters.  

I n f r a r e d  and u l t r a v i o l e t  s p e c t r a  of e x t r a c t s  from t h e  Murray 

and Orgueil me teo r i t e s  were s tud ied  by Calvin and Vaughn (1960). They 

found absorpt ion bands t h a t  could be a t t r i b u t e d  t o  a v a r i e t y  of carbon 

compounds. Ce r t a in  abso rp t ions  were suggest ive of cy tos ine ,  a nuc le i c  

a c i d  "building block". Calvin noted t h a t  t h e  h e t e r o c y c l i c  bases,  ca r -  

bonyl compounds, and hydrocarbons i n  me teo r i t e s  could be b i o l o g i c a l  

precursors  t h a t  had evolved i n  pr imordial  environments. 

I n t e r e s t  i n  and t h e  controversy about t h e  o r i g i n  of carbon- 

aceous substances i n  me teo r i t e s  were enhanced by t h e  ana lyses  of  

Nagy, Meinschein, and Hennessy (1961). They compared a mass spectrum 

of a d i s t i l l a t e  f r a c t i o n  from t h e  Orgueil  chondr i t e  with mass s p e c t r a  
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of hydrocarbons obtained from b u t t e r  and t e r r e s t r i a l  sediments. They 

reported , 

"Based on prel iminary s tud ie s ,  t he  compositions of 

t he  hydrocarbons i n  the Orguei l  meteori te  provides 

evidence f o r  biogenic a c t i v i t y  ." 
Since 1961, numerous analyses  of t he  carbonaceous m a t e r i a l s  i n  va r ious  

chondri tes  have supplied s u b s t a n t i a l  information on the  compositions of 

t hese  m a t e r i a l s .  These analyses ,  obtained using the most modern i n s t r u -  

ments and techniques,  have not resolved the  heated debate  on the  bio- 

l o g i c a l  o r i g i n  of the carbon compounds i n  meteori tes .  However, r ecen t ly  

gathered da ta  have g r e a t l y  reduced the  number of important i s s u e s  i n  

t h i s  debate .  

Anders (1961, 1962) l i s t e d  c r i t i c i s m s  of t he  prel iminary f ind-  

i ngs  of Nagy, Meinschein, and Hennessy (1961). Degens and Bajor (1962) 

presented experimental da t a  i n  support of one of Anders c r i t i c i s m s .  

Their  analyses  of amino ac ids  i n  me teo r i t e s  suggested t h a t  t e r r e s t r i a l  

I 

organisms could have been the p r i n c i p a l  source of t he  carbon compounds 

i n  the  Murray and Bruderheim chondri tes ,  but subsequent analyses  r e -  

ported by Briggs (1963), Meinschein, Nagy, and Hennessy (1963), 

Meinschein (1963), Nagy, Fredriksson, Urey, Claus, Anderson, and Percy 

(1963), and Kaplan, Degens, and Reuter (1963) s t rong ly  i n d i c a t e  t h a t  

most amino a c i d s ,  hydrocarbons, and some o the r  carbonaceous m a t e r i a l s  

i n  c e r t a i n  me teo r i t e s  a r e  indigenous. An exce l l en t  compilation of 

many of t hese  a n a l y t i c a l  r e s u l t s  has been prepared by Briggs and 

Namikunian (1963). The l a t t e r  authors conclude, 
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"...it seems c l e a r  t h a t  a g r e a t  ma jo r i ty  of meteo- 

r i t e  organic mat ter  i s  indigenous and was brought 

t o  Earth within meteori tes ."  

This conclusion i s  shared by Mason (1963b), who s t a t e s ,  

"The q u a n t i t i e s  of the hydrocarbons i n  the  meteo- 

r i t e s  i n d i c a t e  t h a t  t h e r e  can be no reasonable doubt 

t h a t  they were p re sen t  when i t  entered the e a r t h ' s  

atmosphere and a r e  not t he  r e s u l t  of t e r r e s t r i a l  

contamination. They a r e  t r u l y  e x t r a t e r r e s t r i a l  i n  

o r i g i n  ." 
Thus, i t  would appear t h a t  only one major i s s u e  concerning the  hydro- 

. 

carbons i n  me teo r i t e s  remains unresolved. That i s s u e  i s :  A r e  the  

indigenous hydrocarbons i n  c e r t a i n  carbonaceous chondr i t e s  p a r t l y  of 

b io log ica l  o r  t o t a l l y  of a b i o t i c  o r i g i n ?  
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2. DISCUSSION 

There are l i m i t a t i o n s  t o  the accuracy with which b io log ica l  

remnants can be i d e n t i f i e d .  An absolute  proof of t he  former ex i s t ence  

of e i t h e r  t e r r e s t r i a l  o r  e x t r a t e r r e s t r i a l  l i f e  cannot be accomplished 

because a q u a n t i t a t i v e  d e f i n i t i o n  of t h e  l i v i n g  s ta te  has  not  been 

made. Organisms vary i n  s i z e ,  function, and composition. Furthermore, 

b i o l o g i c a l  remnants a r e  commonly a l t e r e d  i n  d i v e r s e  ways by a b i o t i c  

processes i n  sediments. These a l t e r a t i o n s ,  as noted by Vallentyne (1962), 

produce carbonaceous materials i n  sediments t h a t  d i f f e r  markedly i n  bulk 

composition from p l a n t  and animal m a t t e r .  Notwithstanding, anc ien t  sedi-  

ments supply s t rong  evidence that organisms l ived  on e a r t h  long before  

man evolved. This evidence c o n s t i t u t e s  the only physical  references f o r  

t h e  d e t e c t i o n  of b i o l o g i c a l  remnants of organisms t h a t  may have l i ved  i n  

o t h e r  biospheres.  Therefore,  i t  is important t o  consider  t he  character-  

i s t ics  which permit empir ical  i d e n t i f i c a t i o n s  of t e r r e s t r i a l  organisms 

and b i o l o g i c a l  products.  

A .  C h a r a c t e r i s t i c s  of P l a n t s ,  Animals, 
and Sedimental Organic Matter 

Living th ings  a r e  extremely complex. Their  complexities and 

t h e  v a r i a t i o n s  i n  d i f f e r e n t  kinds of organisms make i t  d i f f i c u l t  t o  

dev i se  a s i n g l e  method or  a few c r i t e r i a  f o r  d i s t i n g u i s h i n g  animate 

from inanimate things. Most c r i t e r i a  f o r  t h e  r ecogn i t ion  of the l i v i n g  

s t a t e  o r  b i o l o g i c a l  remnants a r e  more q u a l i t a t i v e  than q u a n t i t a t i v e .  

Whether a p l a n t  has yellow, green, or  red leaves i s  of  l i t t l e  conse- 

quence. Trees may l i v e  and bear leaves t h a t  vary markedly i n  s i z e s ,  
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shapes, and co lo r s ,  bu t  gene ra l ly  these  leaves resemble one another  

g ross ly  i n  c e r t a i n  s t r u c t u r a l  a spec t s .  There are a l s o  gross  resem- 

blances between d i f f e r e n t  kinds of l i f e  and b i o l o g i c a l  remnants. 

Organisms are h igh ly  ordered a r r a y s  of molecular o r  c e l l u l a r  

components. A l l  l i v i n g  c e l l s  share  c e r t a i n  func t iona l  p a r t s .  Living 

may place such g r e a t  demands on the s p a t i a l ,  chemical, and e l e c t r i c a l  

compa t ib i l i t y  of i t s  c o n s t i t u e n t  p a r t s  t h a t  b i o l o g i c a l  molecules may be 

much t h e  same i n  l i f e  everywhere. Ce r t a in ly ,  t e r r e s t r i a l  organisms i n  

temperate, t r o p i c a l ,  and a r c t i c  regions sha re  t h e  same compounds. It 

i s  apparent ly  t h i s  shar ing of molecular components and c e l l u l a r  s t r u c -  

tu res  t h a t  produces an order  which make i t  p o s s i b l e  t o  i d e n t i f y  new 

kinds of l i v i n g  things.  

But, n a t u r a l  l a w s  r e q u i r e  t h a t  work be expended t o  maintain 

highly ordered systems. P l a n t s  and animals l i v e  only as long as bio- 

l o g i c a l  compounds funct ion i n  concert  t o  acqu i r e  and d i r e c t  energy t o  

the  maintenance and reproduct ion of l i v i n g  c e l l s .  This concerted 

e f f o r t  makes b i o l o g i c a l  processes  f a r  more e f f i c i e n t  and s e l e c t i v e  than 

a b i o t i c  ones. P l a n t s  can convert  s eve ra l  p e r  cen t  of t he  s o l a r  energy 

they receive i n t o  complex molecules. Su rp r i s ing ly ,  more than 40 per  

cen t  of l i v i n g  ma t t e r  on e a r t h  i s  constructed by weight from a s i n g l e  

6 carbon sugar,  glucose.  Sagan (1961) r epor t ed  t h a t  a b i o t i c  r e a c t i o n s  

convert  approximately 10 of t he  inc iden t  energy i n t o  carbon compounds, 

and these conversions do no t  y i e l d  as s e l e c t i v e  a group of p r e c i s e l y  

s t ruc tu red  molecules a s  do organisms. 

- 6  
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Because living things are efficient fabricators and can seek 

energy, they dominate both the production and utilization of carbon- 

aceous substances in biospheres. A gross equilibrium is maintained on 

earth between the carbon in plants and animals and the CO and carbo- 

nates of the earth's atmosphere and hydrosphere. 

grams of organic matter photosynthesized each year in terrestrial 

environments is respired as C02 and H20 (Vallentyne, 1962). 

less, as sedimental carbonaceous materials attest, this equilbrium is 

not exact, and it is in the sediments that are rich in these materials 

that the most legible records of prehistoric life are found. 

2 
17 Nearly all of the 10 

Neverthe- 

Since non-metamorphosed sediments containing detectable quanti- 

ties of abiotic carbonaceous materials are apparently unknown, the mere 

presence of dark humic-or coal-like substances in deposits with low 

temperature histories is commonly accepted as evidence of former ter- 

restrial life. But, the similarities between organic-rich sediments on 

earth and the Alais, Orgueil, Ivuna, and Tonk (Type I) carbonaceous 

chondrites is not solely restricted to the carbon contents of these 

samples. Some of the established resemblances between the Orgueil meteo- 

rite and certain organic-rich terrestrial sediments are that they 

contain : 

1. Several per cents of combustible carbonaceous materials 

and several parts per thousand of benzene extractable carbon 

compounds. 

2 .  Sedimentary minerals. 
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3.  

4 .  

5 .  

Mineral aggregates which suggest t h a t  the samples were 

deposited i n  carbon-or organic-r ich,  reducing, aqueous 

environments. 

Free s u l f u r  enriched i n  S 3 4  r e l a t i v e  t o  s u l f u r  i s o l a t e d  

from b a s i c  t e r r e s t r i a l  rocks o r  the ‘Sprimordial” s u l f u r  

i n  meteori tes .  

F r i ab le ,  da rk ly  colored a s s o c i a t i o n s  of carbonaceous and 

mineral  substances . 
The d e n s i t i e s  of t h e  Type 1 carbonaceous chondr i t e s  and 

o rgan ic - r i ch  t e r r e s t r i a l  sediments commonly f a l l  i n  t he  2 .2  t o  2 . 5  

range. The g r e a t e s t  resemblances between t e r r e s t r i a l  and m e t e o r i t i c  

samples appear t o  e x i s t  between Type 1 carbonaceous chondr i t e s  and the 

organic-r ich,  near-surface sediments which r e t a i n  the  most l e g i b l e  

records of anc ien t  organisms on e a r t h .  These chondri tes  and sediments 

comprise l e s s  than 1 p a r t  i n  a thousand of the mass of known me teo r i t e s  

and of the e a r t h ,  r e spec t ive ly .  

Possibly,  our l imi t ed  sampling of  e a r t h  may provide a more 

s u b s t a n t i a l  bas i s  f o r  t he  i n t e r p r e t a t i o n  of t he  analyses  of the carbon- 

aceous substances i n  Type 1 carbonaceous chondri tes  than i n  o t h e r  

meteori tes .  A cons ide ra t ion  of t he  records of a n c i e n t  t e r r e s t r i a l  l i f e  

may suggest r e l i a b l e  ways of determining the o r i g i n  of t h e  carbon com- 

pounds in these  chondri tes .  
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B. L e g i b i l i t y  of B io log ica l  Records 

Inasmuch as na tu re  does not  favor t h e  p re se rva t ion  of highly- 

ordered systems, only b i o l o g i c a l  remnants which are s t a b l e  enough t o  

res is t  erosion can r e t a i n  the  order which d i s t i n g u i s h e s  animate from 

inanimate things.  Legible records of anc ien t  l i f e  and c i v i l i z a t i o n s  

p m i s t  c h i e f l y  i n  a minor port ion of the components and a r t i f a c t s  of 

former l i f e .  More than 90 per  cent of the carbonaceous m a t e r i a l s  found 

i n  terrestr ia l  sediments appear as l i g n i t e s ,  coa l ,  o r  kerogens and 

r e l a t e d  substances which do not  chemically o r  p h y s i c a l l y  resemble com- 

ponents of l i v i n g  th ings .  Although i t  i s  gene ra l ly  accepted t h a t  the 

s o l i d  carbonaceous m a t e r i a l s  i n  sediments are p r i n c i p a l l y  of b io log ica l  

o r i g i n ,  i t  i s  no t  p o s s i b l e  t o  e s t a b l i s h  d i r e c t  s t r u c t u r a l  r e l a t i o n s h i p s  

between most of t hese  m a t e r i a l s  and b i o l o g i c a l  molecules. 

Observations of l i f e  and i t s  remnants c l e a r l y  i n d i c a t e  t h a t  

t h e  f o s s i l s  and some hydrocarbons i n  sediments can be d i r e c t l y  r e l a t e d  

e i t h e r  t o  organisms o r  b i o l o g i c a l  molecules. Studies  of f o s s i l s  have 

permit ted the  establ ishment  of evolutionary pathways by which many l i v i n g  

spec ie s  apparent ly  reached t h e i r  present  s ta tes  of being. The use of 

hydrocarbons may provide a means of studying the  biochemical evolut ion of 

l i f e .  These f o s s i l s  and alkanes comprise less than 10 pe r  cent  of s ed i -  

mental  organic ma t t e r .  

Ce r t a in  alkanes a r e  the  most s t a b l e  compounds t h a t  have been 

found i n  p l a n t s  and animals. Recent i n v e s t i g a t i o n s  by Smith (1952, 1954), 

Hunt (1953), Stevens, Bray, and Evans (1956), Hunt and Jamieson (1956), 

Meinschein (1957a, 1959, 1961ab) and many o the r s  have shown t h a t  alkanes 

a r e  d i s t r i b u t e d  throughout e s s e n t i a l l y  a l l  sediments on e a r t h .  The 
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s t a b i l i t y  and ub iqu i ty  of t hese  compounds suggest t h a t  they may be the  

b e s t  preserved and most widely d i s t r i b u t e d  remnants of former l i f e .  

Furthermore, the l a rge  number of carbon atoms which many alkanes con- 

t a i n  i n  t h e i r  non-hydrolyzable and analyzable  molecular u n i t s  make i t  

p o s s i b l e  for  t hese  molecules t o  d i s p l a y  g r e a t  order .  

While t h e  chemical and biochemical s t a b i l i t i e s ,  b i o l o g i c a l  

and sedimental d i s t r i b u t i o n s ,  and s t r u c t u r a l  u n i t  s i z e s  i n d i c a t e  t h a t  

hydrocarbons may p o t e n t i a l l y  provide the  most l e g i b l e  records of anc ien t  

l i f e ,  i t  i s  important t o  determine a s  f i rmly as p o s s i b l e  the  o r i g i n s  of  

var ious sedimental hydrocarbons. This determinat ion w i l l  permit an 

assessment of  t h e  r e l i a b i l i t y  and p o t e n t i a l  of  d i f f e r e n t  hydrocarbons as 

b i o l o g i c a l  i n d i c a t o r s .  

C. Origins of Hydrocarbons. i n  T e r r e s t r i a l  Sediments 

S c i e n t i s t s  have been i n t e n s e l y  i n t e r e s t e d  i n  how petroleum w a s  

made. Because crude o i l s  a r e  unique as regards t h e i r  hydrocarbon con- 

t e n t ,  most o r i g i n  s t u d i e s  have sought p r i m a r i l y  t o  l e a r n  how these hydro- 

carbons were formed. A wealth of information has  been gathered on the  

o r i g i n s  and compositions of sedimental  hydrocarbons. 

as w e l l  a s  a t h e o r e t i c a l  b a s i s ,  t he  use of hydrocarbons as b i o l o g i c a l  

i n d i c a t o r s  may be s t rong ly  defended. 

On an experimental  

Engler e t  a 1  (1893, 1897abc) made t h e  f i r s t  s i g n i f i c a n t  con- 

t r i b u t i o n  t o  an understanding of how t e r r e s t r i a l  hydrocarbons a r e  formed. 

H e  d e s t r u c t i v e l y  d i s t i l l e d  b i o l o g i c a l  l i p i d s  ( f a t s ,  o i l s ,  and waxes 

which can be ex t r ac t ed  from animals and p l a n t s  with so lven t s  such a s  

e t h y l  a lcohol  and benzene) and obtained hydrocarbons with t h e  same 

phys ica l  p rope r t i e s  and elemental  compositions as petroleum f r a c t i o n s .  
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H i s  theory t h a t  p l a n t  and animal a c i d s  and a l coho l s  a r e  important 

sources of hydrocarbons s t i l l  receives  s u b s t a n t i a l  support  from 

s c i e n t i s t s  today. D i s t r ibu t ions  of n -pa ra f f in s  i n  crude o i l s  and o t h e r  

cons ide ra t ions  have been presented by Bray and Evans (1961), Erdman 

(1961), Cooper and Bray (1963), and Martin,  Winters, and W i l l i a m s  (1963) 

as evidence t h a t  p l a n t  and animal f a t t y  a c i d s  are a major source of t he  

n -pa ra f f in s  i n  t e r r e s t r i a l  sediments. Bendorai t is ,  Brown, and Hepner 

(1962, 1963) have proposed t h a t  f a rneso l  and phytol ,  p l a n t  a l coho l s ,  

are the  probable p recu r so r s  of  nor- farnesane and farnesane (Mair, 

Krouskop, and Mayer, 1962) and of p r i s t a n e  (Dean and Whitehead, 1961, 

Bendorai t is ,  Brown, and Hepner, 1962) and phytane (Dean and Whitehead, 

1961) which have been i d e n t i f i e d  i n  crude o i l s .  

Whitmore (1943) f i r s t  suggested t h a t  p l a n t  hydrocarbons r a t h e r  

than l i p i d s  could be a source of petroleum. H e  wrote, 

"The l i t e r a t u r e  contains  ample evidence t h a t  p l a n t s  of 

many kinds produce small, bu t  s i g n i f i c a n t  q u a n t i t i e s  

of hydrocarbons of the p a r a f f i n  series. We have ex- 

amined q u a n t i t i e s  of kelp and of fresh-water a lgae ,  

and from them have i s o l a t e d  hydrocarbons. The kelp,  i n  

p a r t i c u l a r ,  produced hydrocarbons which bo i l ed  over a 

wide range. A s  individual  hydrocarbons have a narrow 

b o i l i n g  range, it i s  apparent t h a t  t h i s  marine p l a n t  

produces a v a r i e t y  of  hydrocarbons. It i s  of i n t e r e s t  

t o  note  t h a t  t he  estimated production of organic carbon 

from kelp and o t h e r  organisms i n  the sea would al low 

f o r  t he  formation of something l i k e  10,000,000 tons o r  

about 60,000,000 bbl.  of hydrocarbon m a t e r i a l  per year." 
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Oakwood (1953), who succeeded Whitmore a f t e r  t he  l a t t e r ' s  death,  

reported a t  t h e  conclusion of API Research P r o j e c t  43, 

"The theory has been proposed t h a t  petroleum a r o s e  d i r e c t l y  

among t h e  components of t h e  organisms fu rn i sh ing  the  organic  

matter. The v i r t u e  of t h i s  theory l i es  i n  i t s  complete con- 

g r u i t y  with the  geological  h i s t o r y  of sediments. The f a u l t  

of  the  theory i s  t h a t  t he  compositions of vegetable  hydro- 

carbons i s  not known now t o  be capable of accounting f o r  t he  

molecules of petroleum. Nevertheless,  i t  i s  maintained t h a t  

the f a c t u a l  evidence i n  favor i s ,  a t  t he  very l e a s t ,  b e t t e r  

than t h a t  o f f e red  f o r  o t h e r  theories ."  

ZoBell (1953), who a l s o  was a s soc ia t ed  with API  Research 

P r o j e c t  43, observed of b a c t e r i a l  hydrocarbon production, 

"Although t h e  amount of such hydrocarbons i s  small, i f  they 

a r e  more r e s i s t a n t  t o  decomposition than t h e  r e s t  of t he  

b a c t e r i a l  c e l l  substance,  hydrocarbons may gradual ly  accumu- 

la te  as the  organic material i s  used over and over aga in  by 

b a c t e r i a  .I1 

The tremendous 10 year e f f o r t  conducted a t  6 l a r g e  academic 

and research i n s t i t u t i o n s  under API Research P r o j e c t  43 suppl ied no 

evidence t h a t  r a d i o l o g i c a l ,  chemical, and c a t a b o l i c  conversions of car-  

bon compounds were important processes i n  t h e  formation of a lkanes.  

P a r t l y  t o  the  contrary,  Heald (1953) noted, 

"Inasmuch as the  most abundant product of r a d i o a c t i v e  

bombardment i s  hydrogen, and inasmuch as t he  bombardment 

- 1 2  - 



of methane c o n s i s t e n t l y  produced some unsaturated 

l i q u i d  hydrocarbons, none of which substances has been 

found i n  the  petroleum f i e l d s  of t he  world--despite the  

c e r t a i n t y  t h a t  sediments, gases ,  and l i q u i d s  a r e  con- 

s t a n t l y  undergoing r ad ioac t ive  bombardment i n  the  ear th- -  

t he  research  on the  rad ioac t ive  bombardment of organic 

ma te r i a l s  no t  only f a i l e d  t o  d i sc lose  how petroleum may 

o r ig ina t e ,  bu t  i t  f a i l ed  t o  answer a d d i t i o n a l  perplexing 

problems which were created o r  emphasized by the  work 

i t s e l f  . I ’  

U t i l i z a t i o n  o f  information t h a t  organisms made hydrocarbons was 

temporar i ly  hampered by the  apparent lack  of hydrocarbons i n  most sed i -  

ments. Because c l a s s i c a l  techniques d id  not  u sua l ly  d e t e c t  hydrocarbons 

i n  sediments, a consensus, s t a t e d  by Cox (1946), was reached t h a t  bio-  

l o g i c a l  hydrocarbons were destroyed i n  near-surface sediments by b a c t e r i a l  

ac t ion .  This b e l i e f  d i r e c t e d  a t t e n t i o n  away from p l a n t  and animal hydro- 

carbons a s  petroleum source ma te r i a l s .  

Smith (1952, 1954) i s o l a t e d  a number of  hydrocarbon f r a c t i o n s  

from segments of a core  obtained by d r i l l i n g  v e r t i c a l l y  103 f e e t  i n t o  

sediments i n  the  Gulf of Mexico. Analyses of t hese  hydrocarbons e f f ec -  

t i v e l y  cor rec ted  t h e  misconception about t he  b a c t e r i a l  des t ruc t ion  of a l l  

b i o l o g i c a l  a lkanes.  Smith found t h a t  t h e  s edimental  hydrocarbons had the  

same C 1 4  ages a s  t h e  sediments from which they were i s o l a t e d .  

more, these  hydrocarbons had low o p t i c a l  a c t i v i t i e s  s imi l a r  i n  d i r e c t i o n  

Further-  

and magnitude t o  hydrocarbons from ke lp  and crude o i l s .  
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Although t h e  b i o l o g i c a l  a c i d s  and a l coho l s  proposed by Engler 

o r  t he  b io log ica l  hydrocarbons suggested by Whitmore are  most gene ra l ly  

bel ieved t o  be the major sources of t e r r e s t r i a l  hydrocarbons, l imi t ed  

s c i e n t i f i c  support  has  been given the inorganic  and cosmic, o r  a b i o t i c ,  

o r i g i n s  of hydrocarbons. Anders (1961, 1962) and Wilson (1963) ind i -  

c a t e  t h a t  t e r r e s t r i a l - t y p e  hydrocarbons could have been made cosmically 

or  i no rgan ica l ly .  Robertson (1963) suggested a dual ,  b i o t i c  p lus  

a b i o t i c ,  o r i g i n  of petroleum hydrocarbons. Since most hypotheses of t h e  

a b i o t i c  formation of  hydrocarbons do n o t  p o s t u l a t e  s y n t h e t i c  processes  

t h a t  permit testing,many of t hese  hypotheses can n e i t h e r  be proved nor 

disproved. B u t  as ZoBell (1963) s t a t e s ,  

"The inorganic  t h e o r i e s  f a i l  t o  account f o r  t he  almost 

overwhelming evidence t h a t  l i k e  coa l ,  o i l  formed from 

organic remains of p l a n t s  and animals a t  temperatures 

probably l e s s  than 150°C. and a t  p re s su res  no more than 

1000 psi ."  

While inorganic  r e a c t i o n s  occur and n a t u r e  does no t  exclude a b i o t i c  

products,  it seems l i k e l y  t h a t  l i v i n g  th ings  a r e  t h e  major source of 

hydrocarbons which resemble the hydrocarbons i n  l i v i n g  th ings .  The C 
14 

ages of Recent sediment hydrocarbons, the s i m i l a r i t i e s  i n  the  o p t i c a l  

a c t i v i t i e s ,  molecular weight d i s t r i b u t i o n s ,  s t r u c t u r e s ,  and elemental  

compositions of  b i o l o g i c a l ,  sedimental ,  and petroleum alkanes,  which 

have been presented above o r  w i l l  be discussed subsequently,  seemingly 

e s t a b l i s h  t h a t  e i t h e r  b i o l o g i c a l  hydrocarbons o r  t h e i r  c l o s e  s t r u c t u r a l  

r e l a t i v e s ,  b i o l o g i c a l  a c i d s  an'd a l coho l s ,  are t h e  predominant sources 

of  t h e  hydrocarbons containing more than 10 carbon atoms (7C10) i n  

t e r r e s t r i a l  sediments. 
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Since t h e  hydrocarbons containing less than 10 carbon atoms p e r  

molecule may d i s p l a y  l e s s  order  and a r e  more s u b j e c t  t o  phys i ca l  r e d i s t r i -  

but ions than a r e  r C  hydrocarbons, t h e  p o t e n t i a l  of l i g h t  hydrocarbons as 

b i o l o g i c a l  i n d i c a t o r s  i s  both l e s s  and more d i f f i c u l t  t o  e s t a b l i s h  

than i s  the  p o t e n t i a l  of t h e  >C hydrocarbons. For t h i s  reason, discus-  

s i o n  h e r e a f t e r  i n  t h i s  review w i l l  apply only t o  hydrocarbons containing 

more than 10 carbons p e r  molecule. 

10 

10 

D. Experimental Data Affording Evidence of t he  
Origins  of D i f f e ren t  Sedimental Hydrocarbons 

E i the r  b iosyn the t i c  hydrocarbons o r  hydrocarbons which r e t a i n  

s t r u c t u r a l  f e a t u r e s  of p l a n t  and animal a c i d s  and a l coho l s  could serve as 

b i o l o g i c a l  i n d i c a t o r s .  B u t ,  a b i o t i c  r eac t ions  t h a t  transform a c i d s  and 

a l coho l s  o r  a l t e r  b i o l o g i c a l  i n t o  sedimental hydrocarbons could p a r t i a l l y  

destroy t h e  order  t h a t  appa ren t ly  d i s t ingu i shes  b i o t i c  from a b i o t i c  hy- 

drocarbons. Thus, t he  most r e l i a b l e  i n d i c a t o r  of former b i o l o g i c a l  ac- 

t i v i t y  may be r e t a i n e d  by unal tered remnants of l i f e .  The following 

d e t a i l e d  d i scuss ion  of the o r i g i n s  of t e r r e s t r i a l  hydrocarbons w i l l  i nd i -  

c a t e  why alkanes may provide the  best  means of determining the  o r i g i n s  of 

some carbonaceous c o n s t i t u e n t s  i n  the  Orgueil  me teo r i t e .  

Meinschein (1957, 1959, 1960, 1961ab, 1963) and Meinschein and 

Kenny (1957) presented evidence, gathered by modern a n a l y t i c a l  techniques, 

of s t r u c t u r a l  s i m i l a r i t i e s  and of some d i s t r i b u t i o n a l  d i f f e rences  between 

func t iona l  ( a c i d i c  and a l c o h o l i c )  and hydrocarbon c o n s t i t u t e n t s  of b io log i -  

c a l  and sedimental  l i p i d s .  Meinschein (1959, 1961b) c i t e d  the  low concen- 

t r a t i o n s  of aromatics i n  l i v i n g  things and the abundances, s t r u c t u r e s ,  and 
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distributions of aromatics in sediments as evidence that aromatic 

hydrocarbons were formed mainly from biological steroids and isoprenoids 

(terpenoids). The outstanding analyses of Mair and Martinez-Pic0 (1962) , 

Mair and Barnewall (1963), and Mair and Mayer (1963) have identified over 

20 large aromatic compounds in crude oil. 

most of these aromatic hydrocarbons are structurally related to steroids 

and terpenoids in living things. 

They have established that 

Whereas agreement apparently exists on the primary origin of 

sedimental aromatics, disagreements still persist on the origins of alkanes 

in ancient sediments. Meinschein (1960) reported, 

“The fact that the distribution of naturally occurring 

C17 to C saturated hydrocarbons differ in consistent 

but chemically unexplainable ways from structurally simi- 

lar hydrocarbons made by the hydrogenation of the plant 

and animal acids and alcohols. ..clearly indicates that 

chemical transformations of the remains of living things 

in sedimentsarenot an important source of the high 

molecular weight saturated hydrocarbons in petroleum.” 

33 

The preceding opinion is not supported by Bray and Evans (1961), Cooper 

and Bray (1963), Martin, Winter, and Williams (1963), Bendoraitis, 

Brown and Hepner (1962, 1963), Erdman (1961), Breger (1959), and others. 

Although alkanes in Recent sediments are frequently assumed to be of 

direct biological origin, many investigators believe that biological 

acids and/or alcohols are the principal precursors of ancient sedimental 

alkanes. 
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Some of t he  disagreement on t h e  r o l e  of b i o l o g i c a l  a c i d s  and 

a l coho l s  i n  the formation of alkanes may be t raced t o  the use of  crude 

o i l  a lkane d i s t r i b u t i o n s  f o r  def ining the  o r i g i n s  of hydrocarbons. A con- 

s i d e r a t i o n  of how chemical and physical  processes  i n  sediments may a f f e c t  

b i o l o g i c a l  remnants could suggest o t h e r  means of appra i s ing  t h e  o r i g i n s  

o f  sedimental  a lkanes.  

Biological  a lkanes d i sp lay  i s o t o p i c ,  s t r u c t u r a l ,  and d i s -  

t r i b u t i o n a l  order .  P l a n t  and animal remnants i n  sediments are a l t e r e d  

i n  varying degrees by chemical and phys ica l  processes t h a t  occur over 

long per iods of time. 

t u r a l  compositions which i n  t u r n  change the d i s t r i b u t i o n s  of  b i o l o g i c a l  

m a t e r i a l s .  Physical  processes can a l t e r  t h e  i s o t o p i c  compositions of 

l i g h t  hydrocarbons s i g n i f i c a n t l y ,  but  t hese  processes probably w i l l  de- 

t e c t a b l y  change only t h e  d i s t r i b u t i o n s  of >C a lkanes.  Because 

e i t h e r  phys i ca l  or chemical changes may a l t e r  alkane d i s t r i b u t i o n s ,  

s t r u c t u r a l  and i s o t o p i c  r a t h e r  than d i s t r i b u t i o n a l  analyses  could permit 

t h e  b e s t  eva lua t ion  of t he  e f f e c t s  of a b i o t i c  r e a c t i o n s  on the  composi- 

t i o n s  of sedimental  a lkanes.  

Chemical r eac t ions  change the  i s o t o p i c  and s t r u c -  

10 

S t r u c t u r a l  analogies  between b i o l o g i c a l  and sedimental  a lkanes 

have been discussed above. P r i s t ane  and phytane a r e  p re sen t  i n  crude 

o i l s ,  as has  been noted, and i n  a number of organisms (Mold, Stevens, 

Means, and Ruth, 1963; Sorensen and Mehlum, 1948). P r i s t a n e  and phytane 

compose i n  excess of 0.5 weight per cen t  of some crude o i l s ,  and s i m i l a r  

concentrat ions of t hese  compounds a r e  found i n  c e r t a i n  b i o l o g i c a l  l i p i d s .  
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n-Pa ra f f in s  a r e  commonly the  most abundant a lkanes i n  crude o i l s  and 

b i o l o g i c a l  a lkanes .  These i d e n t i f i e d  common c o n s t i t u t e n t s  probably 

comprised i n  excess of 30 pe r  cen t  of t he  sedimental  and b io log ica l>CIO 

s a t u r a t e d  hydrocarbons. S t r u c t u r a l  s imi l a r i t i e s  reported by Meinschein 

(1959, 1960, 1961b) and r e c e n t l y  by Cieresko, Attaway, and Koons (1963) 

i n d i c a t e  t h a t  a d d i t i o n a l  i den t i f i ca t ions  of  alkanes i n  organisms and 

crude o i l s  could f u r t h e r  extend t h e  s t r u c t u r a l  agreement between con- 

s t i t u e n t s  of t hese  alkane f r a c t i o n s .  So, s t r u c t u r a l  analyses ,  a s  y e t ,  

do not  show t h a t  chemical changes have exerted a s t r o n g  c o n t r o l  on the  

compositions of>C alkanes i n  sediments. A s i m i l a r  i n t e r p r e t a t i o n  may 

be made of i s o t o p i c  analyses .  

10 

I s o t o p i c  data  obtained by Silverman and Epstein (1958), Park 

and Epstein (1960), Silverman (1960, 1961), Eckelman (1961), and 

Klein (1957), and s t u d i e s  of i so tope  e f f e c t s  on r e a c t i o n  r a t e s  and 

products by Yankwick and lkeda (1959), Melander (1960), Bevington 

(1961), and Bates and Bevington (1963) have e s t a b l i s h e d  t h a t :  

The range and s i z e s  of 6 C 1 3  va lues  of sedimental  a lkanes and 1. 

of b i o l o g i c a l  l i p i d s  a r e  comparable. 

Biological  l i p i d s  have on the  average 6C13 va lues  which a r e  2. 

approximately 3 2 l o w e r  than those f o r  t o t a l  p l a n t  and animal 

mat ter .  

3. C I 4  contents  o f  the a c i d s ,  a l coho l s ,  and hydrocarbons i n  l i p i d  

f r a c t i o n s  which were made b i o s y n t h e t i c a l l y  from C 1 4  labeled 

a c e t a t e s  a r e  i d e n t i c a l .  
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4.  Hydrocarbons o r  compounds formed by p a r t i a l  removal of carboxyl,  

hydroxyl, o r  a l k y l  carbon atoms from ac ids ,  a lcohols  o r  o the r  

hydrocarbons w i l l  have higher C 1 3  conten ts  than t h e  s i n g l e  carbon 

fragments o r  t h e  r eac t an t s .  

Aromatic compounds i n  crude o i l s  have h igher  C 1 3  contents  than  do 

a lkanes  of t h e  same carbon numbers. 

I n  a s i n g l e  crude o i l ,  the&13 va lues  of a lkanes decrease less 

5. 

6 .  

r ap id ly  with inc reas ing  carbon number i n  the  Cl0 t o  C 

than do the  6 C 1 3  va lues  of aromatic  hydrocarbons. 

The h C 1 3  conten ts  of crude o i l s  d e c r e a s e d i g h t l y  a s  t he  

geologic  ages of t h e  o i l s  increase .  

Within most crude o i l s ,  the d i f f e rences  between t h e  6 C 1 3  con- 

t e n t s  of C and C alkanes i s  less than 1%,. 

range 
25 

7. 

8. 

25 10 

By r e f e r r i n g  t o  the  observat ions above, i t  may be deduced from 

1, 2 ,  3, 4,  and 5 t h a t  a lkanes could be d i r e c t  and aromatics  could be 

der ived  products  of t he  biosynthesis  of l i p i d s .  Observations 4 ,  6, and 7 

i n d i c a t e  t h a t  aromatics  have lower s t a b i l i t i e s  than alkanes i n  sedimen- 

t a r y  environments. These lower s t a b i l i t i e s  would lead t o  decreases  i n  

t h e  aromatic  and increases  i n  the  a lkane  conten ts  of o i l s  of o ld  geo- 

l o g i c  ages.  Such a change i n  compositions could p a r t i a l l y  explain,  i n  

conjunct ion with observa t ion  6, t h e  decrease i n  t h e  6 C 1 3  contents  of 

crude o i l s  of g r e a t e r  geologic age. Observations 4,  7, and 8 i n d i c a t e  t h a t  

t h e  cracking of carbon t o  carbon bonds i n  a lkane  molecules i s  not  appre- 

c i a b l e  over long per iods  of geologic t i m e .  
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Neither s t r u c t u r a l  nor i s o t o p i c  d a t a  appa ren t ly  i n d i c a t e  t h a t  

a b i o t i c  chemical r eac t ions  p l ay  an important r o l e  e i t h e r  i n  t h e  forma- 

t i o n  o r  a l t e r a t i o n  of a lkanes i n  most t e r r e s t r i a l  sediments. S i m i l a r  

o p t i c a l  p rope r t i e s  of  sedimental  and b i o l o g i c a l  a lkanes (Whitmore, 1945 

and Smith, 1954) suggest,  a l s o ,  t h a t  sedimental  a lkanes are chemically 

s t a b l e  b io log ica l  products.  Bu t ,  a d d i t i o n a l  p o s i t i v e  evidence of how 

phys ica l  r a t h e r  than chemical processes have exerted the  p r i n c i p a l  con- 

t r o l s  on the  d i s t r i b u t i o n s  of b i o l o g i c a l  alkanes i n  anc ien t  sediments m y  

inc rease  the r ecogn i t ion  of a lkanes as r e l i a b l e  b i o l o g i c a l  i n d i c a t o r s .  

Petroleum occurrence suggests t h a t  phys i ca l  r a t h e r  than chemi- 

c a l  processes may p lay  t h e  dominant r o l e  i n  i t s  formation. Crude o i l s  

are seldom found i n  o r  near  metamorphosed rocks. There i s  no evidence 

t h a t  high temperatures, which enhance chemical r e a c t i o n  r a t e s ,  have 

favored petroleum formation. The l a r g e s t  o i l  accumulations a r e  usua l ly  

a s s o c i a t e d  with highly porous sediments. I n  these  sediments, crude o i l s  

a r e  trapped above water and below impervious rocks. Baker (1959, 1961) 

and Meinschein (1959, 1961a) proposed t h a t  crude o i l s  a r e  s e l e c t i v e  accumu- 

lations of sedimental organic  ma te r i a l s .  Ground waters  forced from organic 

r i c h  sediments by compaction may p a s s  i n t o  porous s t r a t a  and r e l e a s e  some 

hydrocarbons and o the r  petroleum c o n s t i t u t e n t s .  

m a t e r i a l s  then could form crude o i l s .  Since ground waters  a r e  poor so lven t s  

f o r  )Cl0 alkanes,  t h i s  proposal  may explain why only a minor f r a c t i o n  of a 

pe r  cen t  of sedimental a lkanes a r e  found i n  crude o i l  depos i t s  (Hunt, 1961). 

The r e l eased  and washed 

While the d i s t r i b u t i o n s  of a lkanes i n  petroleum could be a f f e c t e d  

g r e a t l y  by processes t h a t  occur during t h e i r  s o l u t i o n ,  migrat ion,  r e l e a s e ,  

and emplacement by ground waters ,  t h e  d i s t r i b u t i o n s  of a lkanes i n  t h e  bulk 
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of sediments may n o t  have been appreciably a l t e r e d  by t h e  removal of t he  

small proport ion of alkanes which were t ransported t o  crude o i l  r e s e r v o i r s .  

Diffusion,  a l s o ,  may change alkane d i s t r i b u t i o n s  i n  sediments. Over long 

per iods of time hydrocarbons could d i f f u s e  from sediments of  low- t o  sedi-  

ments of high-organic contents ,  but t r a n s f e r s  of t h i s  type would be slower 

and r e s t r i c t e d  t o  s h o r t e r  i n t e r v a l s  of d i s t ance  than would t h e  t r a n s f e r s  

r e s u l t i n g  from the  i r r e v e r s i b l e  flows of ground waters t h a t  may produce 

crude o i l s .  Thus, i f  crude o i l s  and c e r t a i n  organic  r i c h  depos i t s  which 

may have acquired most of t h e i r  hydrocarbons from s o l u t e s  i n  ground waters 

are excluded, many of a lkanes i n  ancient  sediments s t i l l  may resemble d i s -  

t r i b u t i o n a l l y  the  alkanes i n  l i v i n g  th ings .  An experimental demonstration 

of t h i s  resemblance would a t t e s t  t o  t h e  b io log ica l  o r i g i n  and t h e  s t a b i l i -  

t i e s  of t hese  alkanes.  

A s  suggested above, l i v i n g  th ings  probably a r e  the  p r i n c i p a l  

o b s t a c l e  t o  t h e  escape of carbon compounds from the  carbon cyc le .  Com- 

pounds most capable of escaping b io log ica l  a s s i m i l a t i o n  could become con- 

c e n t r a t e d  i n  the  e l imina t ion  products of l i v i n g  th ings  and sediments. 

Table 1 p resen t s  a s i l i ca  g e l  chromatographic analyses  of benzene e x t r a c t s  

of  cow manure, ba t  guano, and t e r r e s t r i a l  sediments. It i s  assumed t h a t ,  

s i n c e  cows and b a t s  consume c h i e f l y  p l a n t s  and i n s e c t s ,  r e spec t ive ly ,  these 

e l imina t ion  products con ta in  separate  composites made up p r i n c i p a l l y  of 

p l a n t  and i n s e c t  o r  animal alkanes.  The da ta  i n  Table 1 show t h a t  alkane 

concentrat ions (n-heptane e l u a t e  percentages) i n  t h e  e x t r a c t s  of t he  

e l imina t ion  products and sediments a r e  comparable. 
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Gas chromatograms (GLC) of  b i o l o g i c a l ,  sedimental ,  a b i o t i c  

(Fischer-Tropsch) a lkanes are shown i n  Figures 1 through 4. 

matograms were obtained using a temperature programmed, Apiezon "I," 

coated, 0.01 inch c a p i l l a r y  column 100 f e e t  i n  length.  The column t e m -  

p e r a t u r e  was r a i s e d  4°C. per  minute from 70" t o  300°C. Figure 1 p resen t s  

a chromatogram of an u rea  adducted f r a c t i o n  of a lkanes from cow manure. 

This f r a c t i o n  c o n s i s t s  p r imar i ly  of n -pa ra f f in s  and i t s  chromatogram 

serves  as a r e fe rence  f o r  i d e n t i f i c a t i o n  of n -pa ra f f in  peaks i n  Figures 2 

through 4 .  Figure 2 i s  a chromatogram of a lkanes from b a t  guano. 

Figure 3 p re sen t s  a chromatogram of a lkanes from a 40 t o  60 m i l l i o n  year 

o ld  Eocene sediment. 

These chro- 

Noteworthy i n  Figures  2 and 3 are the  markedly g r e a t e r  abund- 

ances of odd than of even carbon number n -pa ra f f in s  i n  23 t o  31 carbon 

number range. I n  Figures 2 and 3, the concentrat ions of even carbon 

number p a r a f f i n s  i n  t h e  1 2  t o  20 carbon number range s l i g h t l y  exceed 

those of t h e i r  odd carbon number homologs. Data i n  Figures 2 and 3 i n d i -  

c a t e  as do i s o t o p i c  and s t r u c t u r a l  analyses  t h a t  b i o l o g i c a l  a lkanes can 

r e t a i n  order f o r  geologic per iods of time i n  some sedimentary environments. 

A gas chromatogram of a lkanes made by Fischer-Tropsch ( a b i o t i c )  

process  i s  shown i n  Figure 4. I t  i s  not  presumed t h a t  t he  Fischer-Tropsch 

alkanes a r e  t y p i c a l  of a l l  a b i o t i c  a lkanes,  but  t hese  alkanes probably pro- 

v ide  t h e  b e s t  s y n t h e t i c  s u b s t i t u t e s  f o r  petroleum, and Sharkey, Schul tz ,  

and F r i ede l  (1962) have suggested the  a lkane  d i s t r i b u t i o n s  i n  t h i s  a b i o t i c  

product may resemble those i n  crude o i l s .  

Changes i n  the  concentrat ions of t h e  Fischer-Tropsch a lkanes  i n  

Figure 4 follow a s i m p l e  p a t t e r n .  Their concen t r a t ions  inc rease  a t  low 

carbon number because some of the v o l a t i l e  a lkanes were d i s t i l l e d  away 
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when t h i s  

i s o l a t i n g  

u c t .  The 

sample was recovered by evaporat ing o f f  

t he  alkanes from o the r  compounds i n  the 

systematic  decrease i n  t h e  *C alkanes 1 3  

t h e  so lven t s  used i n  

Fischer-Tropsch prod- 

show t h a t  t h e  y i e l d s  of 

a lkanes decrease with carbon number i n  t h i s  a b i o t i c  f r a c t i o n  a s  Underwood 

(1940) and Sharkey, Schul tz ,  and F r i e d e l  (1962) have noted. 

Figure 5 shows the chronaatogram of a benzene e x t r a c t  of  t he  

Orguei l  meteori te .  This chromatogram, w a s  furnished by Prof .  D. J. 

Hennessy of Fordham Universi ty .  The e x t r a c t  contains  f r e e  s u l f u r  as 

we l l  as carbon compounds containing elements o the r  than carbon and 

hydrogen. I n  a d d i t i o n ,  t h i s  chromatogram w a s  obtained on a packed 

a n a l y t i c a l  r a t h e r  than a c a p i l l a r y  column. Although a d i r e c t  compari- 

son between t h e  da t a  i n  Figure 5 and Figures 1-4 i s  no t  poss ib l e ,  most 

of t h e  l a r g e  peaks i n  Figure 5 a re  probably hydrocarbon peaks, and 

t h e s e  peaks do no t  vary sys t ema t i ca l ly  as do the  peaks i n  Figure 4.  I n  

t h e  fu tu re ,  tt would be d e s i r a b l e  t o  c b t a i n  a gas chromatogram of alkanes 

from a Type I carbonaceous chondri te  which could permit a d i r e c t  compari- 

son of t h e i r  d i s t r i b u t i o n s  with those of alkanes from t e r r e s t r i a l  s ed i -  

ments. 

E. Benzene Ex t rac t s  of t h e  Orgueil 
Meteori te  and T e r r e s t r i a l  Sediments 

Chroma tographic , i n f r a red  , and u l t r a v i o l e t  spectroscopic  , and 

m a s s  spec t romet r i c  ana lyses  have been obtained of t h e  benzene so lub le  

f r a c t i o n s  of l i v i n g  things,  t e r r e s t r i a l  sediments, crude o i l s ,  Fischer-  

Tropsch products ,  and the  Orgueil meteori te .  A s  noted previously,  most 

c o n s t i t u t e n t s  of b i o l o g i c a l  and sedimental  l i p i d s  are not  s i m i l a r ,  but 

i t  i s  gene ra l ly  assumed t h a t  b io log ica l  precursors  have exerted con t ro l s  

V1_ , , l V ~ L  of t h -  L------ -.-+---&-l.l- - - a - - - * - l -  1- *--- ,,- t h n  n,,mnAr:e:n-n ,.C -A -+  
V'I C11L c V ' L L y V i ) l c I " l ' i .  C L L C  U ~ I I L . C I L C  C A L L a L L a u L C  L i i a L c L i n L a  1 1 1  L ~ L -  

res t r ia l  sediments. 
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I n  subsequent d i scuss ions ,  t h e  analyses  of t h e  benzene so lub le  

carbon compounds of t e r res t r ia l  sediments, a Fischer-Tropsch ( a b i o t i c )  

product,  and the  Orgueil  me teo r i t e  w i l l  be compared. 

gene ra l  comparisons, t he  ana lyses  of  t h e  >C 

p r i n c i p a l  common c o n s t i t u e n t s  of b i o l o g i c a l ,  sedimental ,  and m e t e o r i t i c  

l i p i d s  w i l l  be reviewed. 

i ng  these  analyses  have been descr ibed by Meinschein, Nagy, and 

Hennessy (1963). 

Following these  

alkanes which are t h e  10 

Instruments and procedures employed i n  obtain-  

I n f r a r e d  s p e c t r a  of a crude o i l ,  Fischer-Tropsch product,  and 

t h e  benzene e x t r a c t s  of t e r r e s t r i a l  sediments and t h e  Orguei l  me teo r i t e  

a r e  shown i n  Figure 6. The s p e c t r a  i n  Figure 6 d i f f e r  i n  c e r t a i n  as- 

pec t s .  D i f f e r e w e s  can be observed between ind iv idua l  organisms o r  

e x t r a c t s  of var ious b i o l o g i c a l l y  derived substances.  But, those absorp- 

t i o n  bands t h a t  a r e  most f r equen t ly  observed i n  t h e  benzene e x t r a c t a b l e  

f r a c t i o n s  of t e r r e s t r i a l  sediments appear, a l s o ,  i n  t h e  Orguei l  e x t r a c t .  

While the  carbon t o  hydrogen (2,775-3,000 and 1,330-1,430 cm-') bands a r e  

too  common i n  carbon compounds t o  be s i g n i f i c a n t ,  t h e  abso rp t ions  near 

3,300 (OH o r  NH); 1,030,815, and 745 (aromatics) ,  and 1,730 (es ter  ca r -  

bonyl) cm a r e  found i n  t h e  i n f r a r e d  s p e c t r a  of t he  e x t r a c t s  of many 

Recent sediments. These abso rp t ions  i n  t h e  Orguei l  e x t r a c t  i n d i c a t e  t h a t  

i t  i s  composed of a complex mixture of compounds f u n c t i o n a l l y  s imi la r  t o  

those i n  some Recent t e r r e s t r i a l  sediments. 

-1 

Weight p e r  cen t s  of the benzene s o l u b l e  f r a c t i o n s  of t e r r e s t r i a l  

samples and the  Orguei l  me teo r i t e  which are  e l u t e d  from s i l i c a  g e l  by 

adding constant  volumes of n-heptane, carbon t e t r a c h l o r i d e ,  benzene, and 

methanol i n  sequence are  given i n  Table 2.  Numbers i n  pa ren theses  beside 

the sample designat ions i n  Tables 2 and 6 i n d i c a t e  t h e  number of samples 

averaged t o  obtain the values  noted. Standard dev ia t ions  (r) f o r  t h e  

t e r r e s t r i a l  samples show t h e  v a r i a t i o n s  between samples of a kind reported 
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i n  t hese  t a b l e s .  

and Recent marine sediment e x t r a c t s  contain s imilar  proport ions of t he  

d i f f e r e n t  compound types which were e l u t e d  by the  four e l u a n t s .  

The analyses  i n  Table 2 suggest t h a t  t he  Orguei l ,  s o i l ,  

I n f r a red  and u l t r a v i o l e t  spec t r a  i n  Figures  7 and 8 provide 

information about t h e  types of compounds found i n  t h e  four  s i l i c a  g e l  

e luates  of t he  Orguei l  e x t r a c t .  

me teo r i t e  compounds a r e  s t r u c t u r a l l y  o r  func t iona l ly  s imi la r  t o  compounds i n  

extracts from t e r r e s t r i a l  sediments. Further  confirmation of t h i s  s i m i l a r -  

i t y  i s  provided by t h e  u l t r a v i o l e t  spec t r a  of t h e  e l u a t e s  of  t h e  Orgueil  

e x t r a c t  i n  Figure 8 .  From d a t a  i n  Figures 7 and 8and mass spectrometr ic  

analyses  which w i l l  be presented subsequently, it can be deduced t h a t  t h e  

n-heptane, carbon t e t r a c h l o r i d e ,  and benzene e l u a t e s  of  t h e  Orgueil  ex- 

t r a c t  a r e  composed mainly of alkanes and aromatic hydrocarbons as a r e  

these  e luates  of most Recent marine sediments. The n-heptane e l u a t e  

c o n s i s t s  predominantly of a lkanes;  whereas the  benzene e l u a t e  contains  

c h i e f l y  aromatic hydrocarbons. 

m e t e o r i t e  e x t r a c t s  con ta in  alcohols  o r  amino compounds and esters,  but 

t h e  s p e c i f i c  na tu re  of most compounds i n  these  f r a c t i o n s  have not  been 

determined. 

Spectra i n  Figure 7 show t h a t  t h e  

Methanol e l u a t e s  of t h e  sediment and 

U l t r a v i o l e t  and mass data  i n  Figure 8 and Table 3 ,  respec- 

t i v e l y ,  and t h e  u l t r a v i o l e t  spec t r a  i n  Figure 9 a r e  of apprec i ab le  

interest .  

same types of aromatics found i n  many Recent marine sediments. 

Phenanthrene and a l k y l  and cycloalkyl  phenanthrenes a r e  t h e  most abun- 

dan t  c o n s t i t u t e n t s  of t h e  Orgueil  aromatic f r a c t i o n ,  but chrysene, 

These d a t a  show t h a t  the aromatics from t h e  Orgueil  are the  
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pyrene and t h e i r  a l k y l  and cyc loa lkyl  d e r i v a t i v e s ,  a l s o ,  a r e  p re sen t  i n  

t h i s  f r ac t ion .  Meinschein (1959) and Blumer  (1961) have i d e n t i f i e d ;  

phenanthrene, chrysene, and pyrene i n  t e r r e s t r i a l  sediments.  Discussions 

of t he  o r ig ins  and t h e  reasons f o r  t he  d i f f e rences  i n  d i s t r i b u t i o n s  of 

aromatics  i n  Recent and anc ien t  sediments have been suggested by 

Meinschein (1959, 1961ab). 

None of t h e  t e r r e s t r i a l  samples a v a i l a b l e  f o r  t h i s  i nves t iga -  

t i o n  contained aromatic  f r a c t i o n s  a s  s i m p l e  a s  t h e  Orguei l  aromatics .  

Alumina chromatograph (Meinschein, 1959) w a s  used  t o  s impl i fy  t h e  ter- 

r e s t r i a l  aromatics.  U l t r a v i o l e t  spec t r a  i n  Figure 9 were obtained on 

equiva len t  alumina f r a c t i o n s  of t h e  t e r r e s t r i a l  samples. These f r ac -  

t i o n s  had the same adsorp t ion  p r o p e r t i e s  a s  do t h e  phenanthrenes,  

chrysenes,  and pyrenes which were the  major c o n s t i t u e n t s  of t he  Orguei l  

aromatics .  A s  shown i n  F igure  9, t he  aromatics  i s o l a t e d  from t h e  

Recent marine sediment aromatic  f r a c t i o n  has  an u l t r a v i o l e t  spectrum 

markedly s imi l a r  t o  t h a t  of t h e  Orguei l  aromatics .  

The s impl i c i ty ,  composition, and concent ra t ion  of t he  aromatic  

hydrocarbons i n  t h i s  Orguei l  fragment e f f e c t i v e l y  e l imina te s  t h e  poss i -  

b i l i t y  t h a t  t h i s  f r a c t i o n  i s  a t e r r e s t r i a l  contaminant meinschein,  

1963). Although a r e l a t i v e l y  small  p ropor t ion  of Recent marine sed i -  

ments may conta in  aromatic  f r a c t i o n s  a s  simple a s  t h e  Orguei l  meteor i te ,  

t he  average concent ra t ions  of carbonaceous m a t e r i a l s ,  a lkanes ,  and aro-  

mat ic  hydrocarbons i n  t e r r e s t r i a l  sediments a r e  a f r a c t i o n  of t h e  concen- 

t r a t i o n s  of t hese  substances i n  t h e  Orguei l  me teo r i t e .  

un l ike ly  tha t  t h i s  Orguei l  fragment could have contacted and acquired 

It i s  h igh ly  
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from marine sediments t he  types and q u a n t i t i e s  of aromatics it 

contained. 

Data i n  Table 3, a l s o ,  show t h a t  t he  simple mixture of aro- 

mat ic  hydrocarbon ex t r ac t ed  from t h e  Orguei l  s tone contain complex 

molecules. Pos i t i ons  of t h e  values i n  Table 3 show the  carbon numbers, 

C#' 6 and hydrogen contents  ( a s  determined from t h e  general  hydrocarbon 

formula Cn H2n+llxll), "x"'s, of sa tu ra t ed  hydrocarbons having masses equal 

t o  the  aromatic ions.  These masses may be ca l cu la t ed  by mult iplying the 

C l ' s  by 14 and adding the "x" values t o  the  preceding product.  Since most 

aromatic hydrocarbons i n  t h e  Orgueil  f r a c t i o n  have "x" values  which a r e  14  

less than ind ica t ed  by the column headings i n  Table 3, the  a c t u a l  carbon 

numbers of t he  ions are usua l ly  1 g r e a t e r  than t h e  values  l i s t e d .  These 

e r r o r s  i n  carbon numbers of aromatic i ons  make i t  poss ib l e  t o  s t anda rd ize  

t h e  form i n  which computers prepare mass s p e c t r a l  da t a  (Meinschein, Nagy, 

and Hennessy, 1963). Thus, t he  pos i t i ons  and s i z e s  of the va lues  i n  

Table 3 show the masses and ind ica t e  the  r e l a t i v e  abundances of t h e  

Orguei l  aromatic hydrocarbons, but t h e  t r u e  carbon numbers of t hese  aro-  

mat ics  m u s t  be determined from knowledge of t h e i r  masses and s t r u c t u r e s .  

A s  s t a t e d  above, the u l t r a v i o l e t  spec t r a  i n  Figure 8 show t h a t  

t h e  aromatic hydrocarbons from the Orguei l  me teo r i t e  a r e  composed p r i -  

mar i ly  i n  order  of decreasing abundances of phenanthrenes, chrysenes,  

and pyrenes. The l a r g e  values i n  t h e  even ''x'' columns i n  the  23 t o  28 

carbon number range of Table 3 a r e  c h i e f l y  "parent" ions of a l k y l  and 

cyc loa lky l  s u b s t i t u t e d  phenanthrenes, chrysenes,  and pyrenes containing 

from 24 t o  29 carbon atoms per  molecule. I n  t h e  19 t o  23 ( a c t u a l l y  2 0  
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t o  24) carbon number range, a l l  values l i s t e d  i n  Table 3 a r e  r e l a t i v e l y  

small as are most values  i n  t h e  9, 10, and 11 carbon number range. 

I f  i t  i s  assumed t h a t  isoprenoids  o r  terpenoids and s t e r o i d s  

were t h e  p r i n c i p a l  sources of  t h e  Orguei l  aromatics,  as they are ind i -  

cated t o  be o f  aromatics i n  t e r r e s t r i a l  sediments, t he  high and low con- 

c e n t r a t i o n s  of aromatics i n  va r ious  carbon number ranges shcwn by da ta  

i n  Table 3 may be explained. 

Most isoprenoids  and s t e r o i d s  i n  organisms on e a r t h  con ta in  

10, 15, 20, o r  2 7  t o  30 carbon atoms p e r  molecule. When terpenoid or 

s t e r o i d  r ing  sys tems are converted i n t o  aromatic r i n g  systems, one o r  

more methyl o r  some o the r  a l k y l  group o r  groups u s u a l l y  m u s t  be e l i -  

minated from the terpenoids  o r  s t e r o i d s .  This e l imina t ion  i s  n e c e s s i t a t e d  

by the  t e t r ava lence  of  carbon. Aromatic r i n g  carbons can have a t  most only 

one s u b s t i t u e n t  methyl o r  a l k y l  group, bu t  many Lsoprenoids and a l l  

s t e r o i d s  contain d i -  o r  poly-subs t i t u t e d  r i n g  carbons. Consequentially,  

aromatics formed from s t e r o i d s  o r  isoprenoids  w i l l  con ta in  fewer carbon 

atoms than t h e i r  b i o l o g i c a l l y  produced precursors .  Data i n  Table 3 show 

t h a t  t h e  maxima i n  concentrat ions of aromatic hydrocarbons appear a t  

carbon numbers s l i g h t l y  below while  t h e  minima i n  aromatic concentrat ions 

appear a t  carbon number equal  o r  s l i g h t l y  g r e a t e r  than those of t he  most 

abundant isoprenoids and s t e r o i d s  i n  t e r r e s t r i a l  organisms. 

Mass s p e c t r a  of t h e  alkane f r a c t i o n  and of a concen t r a t e  of t he  

po lycyc l i c  and n -pa ra f f in  c o n s t i t u e n t s  of t h i s  f r a c t i o n  from the  Orguei l  

me teo r i t e  a r e  t abu la t ed  i n  Tables 4 and 5, r e s p e c t i v e l y .  Data i n  Table 4 

have been discussed p rev ious ly  by Meinschein, Nagy, and Hennessy (1963). 

An independent review of t he  preceding p u b l i c a t i o n  by competent and 
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experienced organic geochemists was presented by Urey (1962). 

reviewers concurred t h a t  t h e  organic materials i d e n t i f i e d  i n  t h e  

Orgueil  me teo r i t e  a r e  comparable t o  biogenic and sedimentary organic  

materials on ea r th .  Data i n  Table 4,  as noted by Meinschein, Nagy, 

and Hennessy (1963), show t h a t  the alkanes from the  Orguei l  me teo r i t e  

have molecular weight d i s t r i b u t i o n s  and s t r u c t u r a l  f e a t u r e s  resembling 

those of a lkanes from terrestr ia l  sediments. These resemblances w i l l  

be noted i n  t h e  d i scuss ion  of data i n  Table 5 which are being presented 

f o r  t he  f i r s t  time. 

These 

A po lycyc l i c  a lkane and n -pa ra f f in  concentrate  of t he  Orgueil  

a lkanes w a s  obtained by alumina chromatography (Meinschein, 1959). On 

alumina, t he  me teo r i t e  a lkanes had adso rp t ive  p r o p e r t i e s  s i m i l a r  t o  

t hose  of a lkanes from terrestrial  sediments. 

have been c i t e d  previously as evidence of t h e  b io log ic  o r i g i n  of some 

t e r r e s t r i a l  a lkanes (Meinschein, 1957ab, 1959, 1960, 1961ab; Meinschein, 

Nagy, and Hennessy, 1963) a r e  more apparent  i n  Table 5 than i n  Table 4. 

Before reviewing c e r t a i n  of these "features" ,  i t  should be noted t h a t  

some terrestr ia l  contaminants a r e  p re sen t  i n  t h e  po lycyc l i c  and n -pa ra f f in  

concentrate .  

C# = 10 and "x" = -1-11, and a t  C# = 8 and "x" = -8 are caused by 

p h t h l a t e s .  P h t h l a t e  e s t e r s  a r e  widely used as p l a s t i c i z e r s  i n  p l a s t i c  

tubing, i n  d i f f u s i o n  pump o i l s ,  and i n  mel t ing p o i n t  baths .  It i s  

extremely d i f f i c u l t  t o  keep t r aces  of p h t h a l a t e s  from contaminating t h e  

mic roquan t i t i e s  of organic e x t r a c t s  processed i n  organic geochemical 

l a b o r a t o r i e s ,  but t h e  presence of t hese  esters a r e  e a s i l y  detected because 

o f  t h e  l a r g e  peaks they y i e l d  a t  C# = 11 and 'lx" = -5 i n  the mass 

Many of  t he  "features"  t h a t  

Large peaks a t  C l  = 19 and "x" = -3, C #  = 11 and "x" = - 5, 
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spectrometer. 

Orguei l  m e t e o r i t s a s  i nd ica t ed  by da ta  i n  Table 5, probably does no t  

exceed 1 or 2 p e r  cent .  

The concentrat ion of p h t h a l a t e s  i n  t h e  alkanes from t h e  

Noteworthy i n  Table 5 are a number of values  which a r e  l a r g e r  

than values t h a t  appear above them i n  t h e i r  r e s p e c t i v e  "x" columns. 

These anomalously l a r g e  peaks i n d i c a t e  the  masses of a lkanes o r  of t he  

s t a b l e  r ing  o r  common ion  fragments of a lkanes (Meinschein, Nagy, and 

Hennessy, 1963) t h a t  are most abundant i n  t h e  ions  of t he  alkanes from 

t h e  Orgueil me teo r i t e s .  

p o s i t i o n s  where anomolous peaks are commonly observed i n  t h e  mass 

s p e c t r a  of a lkanes from t e r r e s t r i a l  sediments. 

found in:  

Many anomolous peaks appear i n  Table 5 a t  

Some of t h e  peaks a r e  

1. The "x" = -6 column a t  C l ' s  = 16, 24, 27, 28, and 29. 

2. The l'x'l = - 7  column a t  C # s  = 16, 19, 26, and 28. 

3 .  The "x" = -5 column a t  C #  = 14 ( 1 1  i s  ignored because of 

p h t h l a t e  contamination).  

4 .  The "x" = -8 and -10 columns a t  C # ' s  = 27, 29, and 30. 

5. The "x" = +2 column a t  C# = 29. 

6. The l'x'l = 0 column a t  C#'s  = 28 and 29. 

The common presences of peaks i n  these p o s i t i o n s  i n  t h e  mass s p e c t r a  of 

b io log ic  and sedimental  a lkanes and i n  the  mass s p e c t r a  of a lkanes pro- 

duced by the hydrogenolyses o f  p l a n t  and animal wax e s t e r s  were a major 

b a s i s  f o r  t h e  t h e o r i e s  s t a t e d  by Meinschein (1957, 1959, 1960, 1961ab) 

on the  o r ig ins  and compositions of n a t u r a l l y  occurr ing alkanes.  
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Other "features"  m y  be noted i n  Table 5 which do no t  i n d i c a t e  a 

random production of the compounds f rom the  Orgueil  me teo r i t e .  Among these 

"features"  a r e  the a l t e r n a t e l y  high and low values t h a t  appear gene ra l ly  i n  

the  C# 15 t o  C# 30 range i n  t h e  "x" = -10 column. Biological  f a t t y  a c i d s ,  

a l i p h a t i c  a l coho l s ,  and n -pa ra f f in s  ( s e e  Figures 1, 2,  and 3) f r equen t ly  

contain higher  concentrat ions of e i t h e r  even o r  odd carbon numbered homo- 

logs.  The high and low values  i n  the 'lx" = -10 column of Table 5 i n d i c a t e  

such a concen t r a t iona l  v a r i a t i o n  i n  homologous c o n s t i t u e n t s  of t he  Orgueil  

a lkane f r a c t i o n .  These peaks, however, may be f a t t y  a c i d  "parent ions". Since 

f a t t y  a c i d s  have high s e n s i t i v i t i e s  i n  the  mass spectrometer,  the l a t t e r  

"features"  may be caused by t r a c e s  of t e r r e s t r i a l  contaminants. 

Mass s p e c t r a l  type analyses f o r  alkanes from t h e  Orgueil  meteo- 

r i t e  and from sedimental ,  b io log ica l ,  and Fischer-Tropsch ( a b i o t i c )  

samples a r e  given i n  Table 6. Neither these alkane type analyses  nor 

the  aromatic type ana lyses  presented i n  Table 3 a c c u r a t e l y  record t h e  

compositions of the f r a c t i o n s  analyzed. Mass spectrometr ic  type analyses  

(Lumpkin 1956) a r e  determined by means of matr ices  determined from 

re fe rence  compounds. These reference compounds, i n  most cases ,  have 

been a b i o t i c a l l y  synthesized, and they almost c e r t a i n l y  do not  c l o s e l y  

r e p l i c a t e  the  s t r u c t u r e s  of the b io log ica l  derived compounds i n  sediments. 

Notwithstanding, type analyses  a r e  p rec i se ,  and they provide a bas i s  of 

comparing hydrocarbon mixtures which a r e  composed of compounds whose 

s t r u c t u r e s  have not  been completely determined. I n  Table 6, type analyses  

of t h e  alkanes from the  Orgueil  meteori te  f a l l  within the ranges of values 

found f o r  b i o l o g i c a l  and sedimental a lkanes,  whereas t h e  sa tu ra t ed  

hydrocarbons from t h e  Fischer-Tropsch ( a b i o t i c )  sample contain 

h ighe r  concentrat ions of monocycloalkanes ( o r  perhaps o l e f i n s )  and much 

lower concentrat ions of polycycloalkanes than do o the r  t e r r e s t r i a l  

a lkanes .  
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Separately and c o l l e c t i v e l y  the  d i s t r i b u t i o n s  of t h e  aromatic 

and sa tu ra t ed  hydrocarbons, as ind ica t ed  by t h e  d a t a  i n  Figures 8 and 

Tables 3 ,  4 ,  and 5 a r e  of i n t e r e s t .  Alkane f r a c t i o n s  i n  the  Orguei l  

me teo r i t e  and i n  many Recent marine sediments a r e  much more complex 

( con ta in  more d i f f e r e n t  compounds) than are the  aromatic f r a c t i o n s  i n  

these  samples. It seems highly improbable t h a t  such a v a r i e t y  of 

alkanes (see Table 4)  could be converted a b i o t i c a l l y  i n t o  so few aro-  

mat ic  compounds ( s e e  Table 3) which a r e  concentrated i n  d i s c r e t e  carbon 

number ranges. The aromatics i n  the  Orgueil  me teo r i t e  were not  

apparent ly  der ived from the  alkanes i n  t h i s  me teo r i t e .  Theories d i s -  

cussed above t o  exp la in  t h e  o r i g i n s  and compositions of  a lkane and 

aromatic hydrocarbons i n  t e r r e s t r i a l  sediments seemingly provide an 

equal ly  s a t i s f a c t o r y  explanat ion of t he  s e p a r a t e  and composite composi- 

t i o n s  of the alkanes and aromatic hydrocarbons i n  the  Orgueil  me teo r i t e .  

- 32 - 



3 CONCLUSIONS 

Abiotic processes which produce complex mixtures of homologous 

hydrocarbons commonly make these compounds, as in the case of the 

Fischer-Tropsch process, in concentrations that can be calculated by 

relatively simple mathematical equations (Sharkey, Schultz, and Friedel, 

1962). Non-equilibria or many different abiotic reactions may be 

developed that could form mixtures of aromatics,. alkanes, and carbon- 

aceous non-hydrocarbons in the relative amounts and of the structural 

types found in the Orgueil meteorite and terrestrial sediments. But, 

recognition of the possibility of this development does not discredit the 

proposal that the compositions and distributions of the Orgueil hydro- 

carbons constitute evidence of former extraterrestrial life. 

Wile an ambiguity could arise if the preceding possibility is 

demonstrated, it would still be necessary to evaluate whether these 

abiotic reactions or biological precursors were the most likely sources 

of s m e  or all of the various hydrocarbons and carbonaceous non- 

hydrocarbons in the Orgueil meteorite. 

presented to establish that: 

Experimental data have been 

lo The aromatics in the Orgueil resembles those in 

some Recent marine sediments. 

2. The alkanes in the Orgueil resemble biological and 

sedimental alkanes. 
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Addit ional  analyses  may ass i s t  i n  r e so lv ing  t h e  controversy on 

t h e  o r i g i n  of some carbonaceous compounds i n  t h e  Type 1 carbonaceous 

chondri tes .  

and the  l i m i t e d  q u a n t i t i e s  of t hese  invaluable  me teo r i t e s ,  such ana lyses  

should be obtained by the  most experienced and competent a n a l y s t s  i n  t h e  

b e s t  equipped l abora to r i e s .  

Because of t h e  p o s s i b l e  s c i e n t i f i c  importance of t h e s e  r e s u l t s  

For reasons s t a t e d  above, a lkanes probably provide t h e  s t r o n g e s t  

evidence of b i o l o g i c a l  a c t i v i t y .  I f  t he  alkanes i n  Type 1 carbonaceous 

chondri tes  a r e  products of former l i f e ,  they would most l i k e l y :  

1. Rotate polar ized l i g h t  as do the  alkanes i n  t e r r e s t r i a l  

sediments. 

2 .  Yield chromatograms on c a p i l l a r y  (GLC) columns which do 

not  follow p a t t e r n s  t h a t  can be simply explained. 

Comparisons of t hese  o p t i c a l  and chromatographic measurements 

on alkanes from t h e  me teo r i t e s  and from t e r r e s t r i a l  samples could augment 

t h e  comparisons which have been made. I s o t o p i c  determinat ions,  as shown 

by Briggs (1963), could be used t o  i n d i c a t e  the  e x t r a t e r r e s t r i a l  o r i g i n  of 

t h e  alkanes from meteo r i t e s  t h a t  a r e  used f o r  the o p t i c a l  and chromato- 

graphic  measurements. 
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CAPTIONS FOR FIGURES 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

Figure 9 

Capillary column chromatogram of urea-adducted fraction (mainly 
n-paraffins) of alkanes from cow manure. 

Capillary columns chromatogram of alkanes from bat guano. 

Capillary column chromatogram of a.lkanes from Eocene ( 3  x 10 
to 6 x l o 7  years o l d )  sediments. 

7 

Capillary column chromatogram of alkanes from Fischer-Tropsch 
(abiotic) product. 

Analytical column chromatogram of total benzene extract of the 
Orgueil meteorite. 

Infrared absorption spectra of the benzene extractable fractions 
of the Orgueil meteorite, terrestrial sediments, crude oil, and 
Fischer-Tropsch (abiotic) product. Carbon disulfide was used 
as spectral solvent. 

Infrared absorption spectra of the silica gel chromatographic 
fractions of the benzene extracts of the Orgueil meteorite. 
Carbon disulfide was used as spectral solvent. 

- 

Ultraviolet absorption spectra of the silica gel chromatographic 
fractions of the benzene extracts of the Orgueil meteorite. 
Iso-octane was used as spectral solvent. 

Ultraviolet absorption spectra of aromatic fractions from the 
Orgueil meteorite and terrestrial samples. Iso-octane was 
used as spectral solvent. 
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FIGURE 5 
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GAS CHROMATOGRAM 
BENZENE EXTRACT OF ORGUEIL METEORITE 

APIEZON L - ANALYTICAL COLUMN 
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DATA SUPPLIED BY 
PROF. D. J. HENNESSY 
OF FORDHAM UNIVERSITY 

105 145 185 225 265 305 
TEMP O C  
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